The Abbotsford-Sumas Aquifer is a permeable, unconfined aquifer in British Columbia, Canada, where raspberry (Rubus idaeus L.) production is an important source of groundwater NO 3 contamination. Renovation of raspberry fields (i.e., canes chopped, soil tilled and fumigated, and spring manure application prior to replanting), which typically occurs every 6 to 10 yr in response to decreased crop vigor, has been suggested as a possible cause of significant interannual variation in groundwater NO 3 concentrations. This study used high-resolution passive diffusion sampling to quantify the magnitude and timing of NO 3 loading to shallow groundwater from a commercial raspberry field during a 6-yr (2009-2015) monitoring period after crop renovation. After renovation, the annual NO 3 loading increased from ?95 kg N ha −1 in Year 1 to ?245 kg N ha −1 in Year 2 and decreased to ?85 kg N ha −1 in Year 3. The average annual NO 3 loading from Years 4 to 6 (72 kg N ha −1 ) was assumed to reflect annual loading without a renovation effect, and the increased loading during Years 1 to 3 was attributed to renovation. Renovation contributed an estimated 33 to 23% of total groundwater NO 3 from this field for a 6-to 10-yr renovation cycle. Most of the NO 3 loading associated with renovation occurred in Year 2 and was attributed to the manure application. The increased NO 3 loading after renovation likely contributes to the spatial and temporally varying NO 3 patterns observed in the aquifer. Reducing manure applications during renovation and decreasing renovation frequency have the potential to decrease the groundwater NO 3 concentration.
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Quantification of Groundwater Nitrate Loading after Raspberry Field Renovation Using High-Resolution Passive Diffusion Sampling
Shawn E. Loo, Bernie J. Zebarth,* M. Cathryn Ryan, Farzin Malekani, Edwin E. Cey, Martin Suchy, and Tom A. Forge N itrate (NO 3 ) remains a ubiquitous groundwater contaminant, particularly in regions of intensive agricultural production (Spalding and Exner, 1993; Schmoll et al., 2006) , and its public health effects have recently been scrutinized in large epidemiological studies (Schullehner et al., 2018; Temkin et al., 2019) . Regional-scale NO 3 monitoring, commonly conducted on longer term (e.g., decadal) scales, has been used to evaluate changes in groundwater NO 3 concentration trends in response to changes in policy and evolving agricultural practices (Visser et al., 2007; Hansen et al., 2017) . Traditional groundwater sampling from long well screens (>1 m) with commonly used groundwater sampling techniques frequently results in collection of groundwater samples with NO 3 that was leached from a range of spatial locations and time scales (Böhlke, 2002; Zebarth et al., 2015) and is therefore useful for discerning longer-term trends in NO 3 concentrations. However, the seasonally and spatially variable primary drivers for NO 3 leaching (e.g., groundwater recharge and management practices) make it difficult to attribute groundwater NO 3 concentrations to specific agricultural fields or practices. Consequently, the linkages between agricultural land uses and management practices are commonly achieved through other approaches, such as mass balance approaches (Zebarth et al., 1999; Rosenstock et al., 2014) , which commonly have a large degree of uncertainty. High-resolution sampling in shallow groundwater has the potential to attribute groundwater NO 3 concentrations to individual fields, and hence management practices, and can therefore provide important insights into strategies to protect groundwater quality.
The Abbotsford-Sumas Aquifer (ASA), which straddles the border between British Columbia, Canada, and Washington, USA, supplies drinking water to >100,000 residents . The ASA is an example of a highly vulnerable aquifer with historically high NO 3 -N concentrations, with many monitoring wells above the drinking water guideline of 10 mg N L −1 Health Canada, 2017) . The elevated NO 3 concentrations in the ASA have been linked to agricultural practices (Wassenaar, 1995; Zebarth et al., 1998 Zebarth et al., , 2015 . Land-use on the Canadian portion of the ASA is primarily high-density poultry with intensively managed perennial small fruit crops of red raspberries (Rubus idaeus L.) and highbush blueberries (Vaccinium corymbosum L.; Zebarth et al., 1998 Zebarth et al., , 2015 . Many groundwater monitoring wells in the ASA exhibit intra-annual (i.e., seasonal) and interannual (i.e., over several years or decades) variation in groundwater NO 3 concentration Graham et al., 2015; Suchy et al., 2018) . Some of this variation can be explained by the seasonal nature of precipitation and crop management practices (e.g., fertilizer N applications and irrigation). One study suggested that the multiyear cyclicity of groundwater NO 3 concentration in the ASA is due, in part, to climate cyclicity . However, not all temporal variation in groundwater NO 3 concentrations can be explained by these factors. It has been hypothesized that the practices associated with raspberry field renovation and replanting may be responsible for some of this unexplained spatial and temporal variation in groundwater NO 3 concentrations Gallagher and Gergel, 2017; Suchy et al., 2018) .
The productivity of raspberry stands on the ASA often decline after about 4 to 7 yr of production as the overall health of the soil ecosystem declines and populations of soilborne pathogens such as root-lesion nematodes (Pratylenchus spp.) and Phytophthora rubi increase (Forge et al., , 2016 Rudolph and DeVetter, 2015) . This decline in productivity necessitates renovation of raspberry fields every 6 to 10 yr. During renovation, the canes are chopped at the end of the growing season and incorporated into the soil by roto-tiller, and the soil is fumigated to reduce soil-borne pathogens. In the following spring, poultry manure is often broadcast and incorporated into the soil, and then the raspberry crop is replanted and fertilized (Forge et al., , 2016 Rudolph and DeVetter, 2015) . Together, the replanting and preplant management are referred to here as raspberry stand "renovation." Although renovation practices influence NO 3 availability in soil, and therefore the potential for NO 3 leaching (Forge et al., 2016) , the impact of raspberry field renovation on groundwater NO 3 concentrations has not been previously quantified.
Recent groundwater monitoring approaches have used vertical concentration profiles in shallow groundwater to quantify NO 3 loading from individual agricultural fields (Stites and Kraft, 2001; Kuipers et al., 2014; Malekani et al., 2018) . Malekani et al. (2018) successfully quantified annual NO 3 loading from an individual raspberry field over the ASA by combining high-resolution NO 3 concentrations with volumetric groundwater flux estimated using Darcy's law. Passive diffusion samplers were used to measure NO 3 concentrations with depth at the down-gradient edge of a raspberry field. The strength of this approach is that it integrates spatial and temporal variations to produce a robust estimate of N losses over larger spatial (field-scale) and temporal (annual) scales. Thus, the approach of Malekani et al. (2018) can be applied to examine the interannual effect of raspberry field renovation on NO 3 loading to groundwater in the ASA.
This study used high-resolution passive diffusion sampling installed in the shallow groundwater to quantify the magnitude and timing of NO 3 loading to groundwater under a commercial raspberry field over the ASA during a 6-yr monitoring period after renovation. Specifically, the study aimed to understand how the temporal and spatial variation in groundwater NO 3 concentrations related to the soil and crop management practices given the hydrologic factors including water table fluctuation, hydraulic gradient, flow direction, and hydraulic conductivity. The NO 3 concentration data collected from Years 1 and 6 of this study were from a previously published study (Malekani et al., 2018) , and part of an unpublished study (Schincariol, 2019) , respectively.
Material and Methods

Aquifer Description
The ASA is composed of unconfined highly permeable sand and gravel underlying well-drained soils. The mean annual precipitation , measured at the Environment and Climate Change Canada weather station at the Abbotsford International Airport, was 1538 mm including 1483 mm yr −1 as rainfall (Environment and Climate Change Canada, 2018) . Surface runoff is rarely observed, and annual groundwater recharge estimates range spatially from 650 to 1150 mm yr −1 (Scibek and Allen, 2006; Holländer et al., 2016) . Low precipitation during the crop growing season (April-September) makes the region irrigation dependent. The occurrence of the majority (?70%) of precipitation between October to March results in a highly seasonal recharge pattern and high water table fluctuation (2 to 3 m annually, on average; Kohut, 1987; Cox and Liebscher, 1999; Graham et al., 2015) . Regional groundwater flow is generally from the north, toward the Nooksack River in the south.
Site Description
The experimental site was an anonymous commercial raspberry field used previously by Malekani et al. (2018) . The field was consequently large: ?130 m wide in the approximate direction of groundwater flow and >250 m long ( Fig. 1 ). Unfortunately, neither manure nor irrigation application rates were available from the grower. The field was located down-gradient of a large, nonagricultural area (>1 km wide) that received no or minimal N inputs. The soils belong to the Abbotsford soil series and are classified in the Canadian Soil Classification System as Orthic Humo-Ferric Podzols (Luttmerding, 1980) . The well-drained, silt loam soil extends to about 50-cm depth before transitioning to coarse sand and gravel aquifer material (Luttmerding, 1980) . The shallow water table fluctuates annually by ?3 m, rising to a maximum elevation of ?3 m below the soil surface between January and April (Malekani et al., 2018) .
The field was in raspberry production for >10 yr before renovation began in late summer 2009. During renovation, raspberry canes were chopped and left in place on 1 Sept. 2009, crop residues were incorporated by roto-tilling, and the soil was fumigated using chloropicrin (trichloronitromethane) according to recommended practice (i.e., 152 kg ha −1 ) and rototilled several more times during the winter to prepare for replanting on 20 Mar. 2010. The width of the field was reduced by 15 m in spring 2011.
In spring 2009 (before renovation), fertilizer N was "banded" (i.e., surface broadcast along the crop row) at 117 kg N ha −1 . In spring 2010, after replanting, fertilizer N was similarly banded at 82 kg N ha −1 . Fertility records were not available after 2010; however, the grower is expected to have applied the standard fertilizer N management (British Columbia Ministry of Agriculture, 2018) of two spring fertilizer N applications for a total of ?100 kg N ha −1 . Manure was only applied during renovation, when an unknown quantity of poultry broiler manure was surface broadcast over the entire field and incorporated by rototilling on 9 Feb. 2010 before replanting. Irrigation was applied to the field with buried drip irrigation lines from June through September, depending on precipitation (Loo et al., 2019) . The irrigation application rates and the daily timing were not provided by the grower.
Groundwater Monitoring
Two fully screened diffusion sampling wells were installed to a depth of ?15 m using sonic drilling, which provided a continuous core for logging. One well (DW UP ) was located at the up-gradient edge of the field, and the other (DW DN ) at the down-gradient edge ( Fig. 1 ), based on historical flow patterns (Malekani et al., 2018) . Aquifer samples were taken near the middle of each of the hydrogeologic units identified in the core, and particle size analysis was conducted (Malekani et al., 2018) . HydrogeoSieveXL, which is a spreadsheet based calculator that uses the particle size distributions to estimate the saturated hydraulic conductivity (K) with up to 15 different methods including Hazen and Koyzeny-Carman, depending on criteria met (Devlin, 2015) , was used to estimate a range and geometric mean of K for each unit. The estimated K values were assumed to be consistent across each visibly different hydrogeologic unit observed, forming a complete vertical K profile of the monitoring wells.
Two fully screened water table monitoring wells were installed to a depth of 6 m near each of the two diffusion sampling wells, up-gradient (MW1 UP ) and down-gradient (MW2 DN ) of the raspberry field (Fig. 1 ). Pressure transducers (Model 3001, Solinst) were used to monitor water table elevations hourly in MW1 UP and MW2 DN , in addition to two Environment and Climate Change Canada monitoring wells located ?325 m southwest of DW DN (ECCC-1), and ?700 m southeast of DW DN (ECCC-2).
Daily groundwater recharge (R) was calculated using the water table elevation data collected at MW1 UP and MW2 DN . The recharge was calculated using the water table fluctuation method (Healy and Cook, 2002) with the master recession curve approach (Heppner and Nimmo, 2005) and an assumed specific yield (0.2; Anderson and Woessner, 1992) .
The daily magnitude and direction of hydraulic gradient (i) was calculated (Devlin, 2003) using data from all four water level monitoring wells (MW1 UP , MW2 DN , ECCC-1, and ECCC-2). Occasionally missing data necessitated the use of only three wells, or intermittently prevented daily i estimation. Missing data were linearly interpolated using the "approx" function in R (R Core Team, 2017) after filtering the data over a 31-d window using the "runmed" median filter. Daily horizontal volumetric water flux past a vertical plane of unit width was estimated using Darcy's law at 0.01-m depth intervals at DW DN using the nearest estimated hydraulic conductivity for that interval and the daily i estimate.
High-resolution diffusion samplers deployed in the fully screened wells consisted of a solid-stem polyvinyl chloride pipe with spaces to hold diffusion vials at 0.1-m intervals near water table and 0.3-m intervals deeper than 2 m below the water table, and rubber gaskets fitted between sample vials to reduce interflow (Malekani et al., 2018) . Diffusion vials were filled with deionized water including bromide tracer (10 mg L −1 ) capped with 0.45-mm polycarbonate filter papers before deployment for at least 1 mo to allow for complete diffusion exchange to occur (which was verified by the absence of bromide; Malekani et al., 2018) . Monthly sampling was initiated in September 2009, with the first samples retrieved in October 2009. The sampling deployment interval increased to ?2 mo in 2013, and sampling ended in October 2015.
A subsample from each diffusion vial was analyzed for NO 3 -N concentration using a Dionex ICS-1000 Ion Chromatograph with an A540 autosampler (Eaton et al., 2005 ; detection limit of 0.05 mg L −1 and an analytic error of <4% for NO 3 -N). The NO 3 concentrations were assumed to represent groundwater at the time of sampler removal. The NO 3 concentrations were interpolated linearly over time and space using the "interp" function included in the "akima" package for R (Akima and Gebhardt, 2016) .
The up-gradient capture zone of DW DN is greater than the length (along the groundwater flow direction) of the study field. It is therefore necessary to identify the elevation in the DW DN profile that represents the boundary between the study field and the up-gradient field (which is nonagricultural and not fertilized). This boundary was previously identified according to a change in the NO 3 and chloride (Cl) concentrations, and annual volumetric discharge above this elevation was approximately equal to the annual recharge in the capture area (Malekani et al., 2018) . In the present study, we assumed the recharge across a unit width of the field must equal the annual sum of volumetric discharge across a unit width portion of DW DN . Therefore, the elevation of the field boundary was estimated by iterating the cumulative volumetric discharge associated with each sampling elevation in Eq.
[1] (working from the water table down) to estimate the lowest elevation that groundwater recharged under the study field occurred. This was conducted using the "optimr" package for R (Nash, 2016) 
where R is recharge [L T −1 ], FA is the field area [L 2 ] for a unit width calculated using annual median flow direction, and Q DN is the daily volumetric discharge [L 3 ], where the subscripts refer to the jth elevation (between the elevation of the field boundary and the elevation of the water table) on the kth day. The value of Q DN is the product of the Darcy flux and vertical interval. The field boundary elevation is taken to be the total vertical interval below the water table required for sufficient volumetric discharge to satisfy the left-hand side of Eq.
[1] (i.e., to equal recharge during the same period). Daily NO 3 mass fluxes across a vertical plane of unit width at DW DN were estimated by multiplying the volumetric groundwater flux calculated for each interval in the profile by the interpolated concentration at that same time and depth. Total daily mass fluxes were estimated by summing the mass fluxes of each 0.1-m interval between the elevation of the water level and field boundary (estimated as described above).
The total annual (1 October-30 September) mass fluxes (EXP) were calculated on a per-hectare basis using Eq. [2] by dividing the total NO 3 mass that passed the DW DN annually by a unit width of the catchment field area:
where Q DN is the daily volumetric discharge [L 3 ] at the jth elevation on the kth day (1 October-30 September), C DN is the respective interpolated NO 3 concentration [M L −3 ] at the jth elevation on the kth day (1 October-30 September), and FA is the field area [L 2 ] for a unit width calculated using annual median flow direction. The length of the catchment field area was adjusted according to the median flow direction for the respective year and adjusted for the changes in field management. Since ?15 m of the crop was removed from the field in 2011, the original edge of the field was used for this calculation for Years 1 and 2 (2009-2011), whereas the new edge of the field was used for Years 3 to 6 (2011-2015, Fig. 1 ).
Results and Discussion
Annual precipitation over the 6-yr study varied from 1320 to 1600 mm, with an average of 1460 mm (Table 1 ). The annual precipitation for all years was within 1 SD (220 mm) of the 30-yr (1981-2010) average annual precipitation of 1538 mm (Environment and Climate Change Canada, 2018) .
The annual recharge at the up-gradient edge of the field, estimated using the water table fluctuation method, varied from 850 to 1103 mm, with an average of 1000 mm. The annual recharge at the down-gradient edge of the field varied from 862 to 1122 mm, with an average of 1000 mm. The annual recharge estimates were between 65 and 75% of the annual measured precipitation, which was consistent with the proportion of precipitation occurring outside of the growing season and with previous estimates that 37 to 81% of annual total precipitation typically contributes to groundwater recharge (Kohut, 1987; Scibek and Allen, 2006 ). The annual recharge estimates from this study were consistent with other recharge estimates for the ASA (Kohut, 1987; Scibek and Allen, 2006; Holländer et al., 2016) and water balance estimations for the same field and period (Loo et al., 2019) .
Hydraulic conductivity estimates varied widely within individual sample depth increments in both DW UP and DW DN (Fig. 2) . The geometric mean K values ranged from 8.7 ´ 10 −6 to 7.9 ´ 10 −3 m s −1 in DW UP , and from 6.8 ´ 10 −6 to 6.4 ´ 10 −3 m s −1 in DW DN . The unit thickness-weighted mean K estimate was 1.0 ´ 10 −3 m s −1 for both wells. The K estimates were consistent with the range of K values (3.8 ´ 10 −6 to 2.8 ´ 10 −2 m s −1 ) previously reported in the ASA (Cox and Kahle, 1999; Tesoriero et al., 2000) .
The precipitation was greatest between autumn and spring, with 65 to 83% of annual precipitation occurring between 1 October and 31 March, and was lowest during the summer (Fig. 3A) . The annual water table fluctuation during the study varied among the four water level wells and years between 2.1 and 3.4 m (Fig. 3B) . The highest water table elevations were observed during the winter and spring seasons after high recharge (Fig. 3C) , whereas the lowest occurred at the end of the summer or early autumn after low summer precipitation ( Fig. 3A and 3B) . The hydraulic gradient ranged seasonally from 7.0 ´ 10 −4 to 1.8 ´ 10 −3 (Fig. 3D) , with generally the lowest values during periods of the lowest water table elevations and during the recharge period when the water table was rising. Similarly, groundwater flow direction (Fig. 3E) varied seasonally with flow directions ranging from 151° (southeast) to 210° (southwest). In general, the groundwater flow direction was towards the southwest when the water table elevations and hydraulic gradients were high, and towards the southeast when the water table elevations and hydraulic gradients were low. Median flow direction for the entire sampling period was 195° (southwest). This flow direction results in a field catchment length of ?140 m in the first part of the study (Years 1-2). The grower removed 15 m of the up-gradient field from planting after Year 2, which resulted in a subsequent field length of ?125 m (Years 3-6). Nitrate concentrations near the water table in DW UP were low (<1.5 mg N L −1 ) and similar to the previous study (Malekani et al., 2018) . In contrast, NO 3 varied seasonally in DW DN , with the greatest concentrations measured each year in winter, approximately 4 or 5 mo after autumn recharge began (Fig. 4A) . Nitrate concentrations decreased throughout the spring and summer of each year and increased during autumn leaching. Before the onset of autumn leaching, the greatest concentration measured in DW DN was ?10 mg N L −1 , and this was consistent throughout the study. Nitrate concentrations also varied interannually, with the highest concentrations (>70 mg N L −1 ) observed on 24 Jan. 2011, which was almost 1 yr after the manure application during renovation. Since manure was applied in spring 2010 after the previous season's recharge, the first soil leaching event would be expected to occur during the next recharge season (starting fall 2010), and the highest nitrate concentrations would be expected in the winter of 2011. The maximum concentrations observed in each subsequent year were much lower (<30 mg N L −1 ).
Nitrate concentrations varied with both depth and season (Fig. 4B ). During the summer and early autumn when NO 3 concentrations were declining over time, the NO 3 concentration was generally greatest near the water table and decreased with depth. However, the greatest NO 3 concentrations in the profile occurred at some depth below the water table between late autumn and spring when the NO 3 concentrations were increasing with time. These high NO 3 concentrations occurred in the vertical profile at approximately the elevation of the seasonally low water table (Fig. 4B ). This suggests that the highest NO 3 concentrations occurred with the initial autumn recharge (Fig. 3C) , followed by decreasing NO 3 concentrations in subsequent recharge that resulted in lower NO 3 concentrations near the water table.
The daily flux of NO 3 across DW DN varied seasonally as a function of both the NO 3 concentration and the volumetric discharge (Fig. 4C ). The greatest NO 3 flux in each year occurred in March or April, and the lowest NO 3 flux occurred between October and December. The maximum NO 3 flux (20 g N d −1 ) measured over the 6-yr study was in March 2011 (Year 2) and was about four times greater than the maximum daily NO 3 flux measured in the nonrenovation years.
The annual total NO 3 loading estimated in this study for Year 1 (97 kg N ha −1 ) was greater than the total estimated in Malekani et al. (2018) for the same period (80 kg N ha −1 ). Although both Malekani et al. (2018) and the current study used the same groundwater NO 3 concentration data, NO 3 mass-flux calculations in the current study were refined in four ways, as detailed below. First, a more comprehensive approach to assessing hydraulic conductivity (Devlin, 2015) produced K estimates in the current study that were generally higher than the Hazen estimate used by Malekani et al. (2018) , resulting in larger volumetric flux estimates. Second, the concentrations were interpolated in the current study, rather than interpolating the mass flux as was done by Malekani et al. (2018) . This approach accounts for the temporal variation in the volumetric flux between sampling events (as a function of changes in hydraulic gradient), although NO 3 may still be underestimated due to the temporal resolution of NO 3 sampling. Third, in the current study, a "background" NO 3 concentration was not subtracted from the groundwater concentration to account for groundwater NO 3 leached from the up-gradient field. Fourth, the iterative estimation of the lowest elevation groundwater included in each mass flux estimate was estimated based on measured recharge in the current study, rather than vertical NO 3 concentration patterns in Malekani et al. (2018) .
The annual NO 3 flux crossing DW DN varied among years (Table 2) with the greatest flux (246 kg N ha −1 ) measured in Year 2 of the study and lowest fluxes (67-78 kg N ha −1 , average = 72 kg N ha −1 ) from Years 4, 5, and 6. The equivalent average annual NO 3 concentrations ranged from 22 mg N L −1 in Year 2 to 6.6 mg N L −1 in Year 4. The total annual NO 3 loading for Years 1 and 3 were less than that for Year 2, but greater than those for Years 4 to 6 when the effect of renovation appeared to have ceased. 4. (A) Mean and maximum groundwater NO 3 concentrations sampled at the down-gradient edge of field, and (B) groundwater NO 3 concentrations sampled at the down-gradient edge of field and interpolated in time and space using a linear interpolation method. The water table elevation is denoted by a solid blue line, and the estimated elevation of where groundwater loaded at the up-gradient edge of the field would arrive in the profile is indicated with a dotted black line. (C) Estimated daily horizontal NO 3 mass flux at the down-gradient edge of field. The renovation period, which overlapped with sampling, is indicated in red. The manure application associated with renovation is indicated with a brown arrow. The approximate timing of annual fertilizer applications is indicated with green arrows, and the approximate timing of irrigation is indicated with gray shading. Table 2 . Annual mass flux of NO 3 exported from the field (as measured at the down-gradient edge of the field), and the median flow direction and field area used in combination with the mass flux of NO 3 to calculate N loading to groundwater from the field.
Study year
Hydrologic The relatively high NO 3 loading during Years 1 to 3 were attributed to renovation, whereas the lower NO 3 loading observed in the last 3 yr was assumed to represent typical loading to groundwater in the absence of recent renovation activities (Fig. 5A) . Therefore, the first 3 yr of the study are referred to as renovation years, and the last 3 yr of the study are referred to as nonrenovation years. The NO 3 loading in Year 1 (97 kg N ha −1 ) was ?35% higher than the average NO 3 loading in nonrenovation years, and this additional NO 3 loading presumably reflects the fall renovation practices (cane chopping, fumigation, and tillage). The NO 3 loading in Year 2 (246 kg N ha −1 ) compared well with the NO 3 leaching from the root zone measured using passive capillary wick samplers over the same period from the same study field (239 kg N ha −1 ; Loo et al., 2019) . The Year 2 NO 3 loading rate was ?3.4 times higher than the average NO 3 loading in nonrenovation years and was attributed primarily to manure application in early 2010. The larger NO 3 loading after manure application was consistent with other studies that measured NO 3 loading under a raspberry field receiving manure (Kuipers et al., 2014) , as well as studies that measured increased residual postharvest NO 3 in the soil of raspberry fields receiving manure (Zebarth et al., 1998; Forge et al., 2016) .
The NO 3 loading in Year 3 (84 kg N ha −1 ) compared well with the NO 3 leaching from the root zone measured using passive capillary wick samplers over the same period from the same study field (79 kg N ha −1 ; Loo et al., 2019) . The Year 3 NO 3 loading rate was ?20% greater than the average NO 3 loading in nonrenovation years and was attributed to a residual effect of the manure application that was consistent with the decay series for poultry manure (Pratt et al., 1973; Klausner et al., 1994) . Overall, average annual NO 3 loading to the water table approximately doubled during the first 3 yr of the study relative to Years 4 to 6.
The large interannual NO 3 variation measured in this study resulted in highly variable average NO 3 concentrations in shallow groundwater at the down-gradient edge of the field (Fig. 4A ). Similar renovation activities occur across the ASA, and the interannual variations in NO 3 loading resulting from renovation, likely contribute to the interannual variation of shallow groundwater NO 3 concentration observed in the ASA Zebarth et al., 2015; Suchy et al., 2018) .
The NO 3 loading in nonrenovation years represented ?70% of the maximum recommended annual N fertilizer application rate (British Columbia Ministry of Agriculture, 2018), which indicates that current production practices do not utilize N efficiently or that the recommended application rate is inappropriately high. The renovation practice resulted in substantial additional groundwater NO 3 loading. Renovation was estimated to contribute approximately 33 to 23% of the total NO 3 loading from this field, based on 6-to 10-yr periods between renovations, and assuming additional nonrenovation years past the 6-yr monitored here would have similar loading to Years 4 to 6.
The majority of the NO 3 loading attributed to renovation practices was associated with the manure application during renovation. Manure is currently recommended to not exceed an annual application rate of ?200 kg total N ha −1 , which assumes about one-third (70 kg N ha −1 ) would be available for crop uptake in the first year (British Columbia Ministry of Agriculture, 2018). However, the availability of manure N to the crop is highly variable and difficult to predict and may often be greater than this assumed value. In addition, when manure is broadcast on the entire field prior to replanting, ?60% of the manure is applied to the area between crop rows where the crop root activity is low. For these reasons, even manure applied at the recommended rate can pose a risk to groundwater, particularly if it is accompanied by commercial fertilizer application in the same year.
The NO 3 loading estimates from this study were used to consider the overall impact on average groundwater NO 3 concentrations associated with varying years between renovation practices including manure application. The NO 3 loading from Years 1 to 3 were assigned to the first 3 yr of a renovation cycle, and the average NO 3 loading of Years 4 to 6 were assigned to all subsequent years prior to the next renovation. Dividing the total NO 3 mass by the total recharge over the cycle gives an average concentration, which represents the mixed NO 3 concentration over the long term. This calculation was completed using stand ages varying between 6 and 12 yr before renovation, and recharge values ranging from 700 to 1100 mm (Fig. 5B) . In all cases, the estimated long-term NO 3 concentration decreased with increasing time between renovations, whereas higher annual recharge rates dilute the groundwater NO 3 concentration. Assuming the study site is representative of other fields over the ASA, a low annual recharge of 700 mm is likely to result in groundwater NO 3 concentrations greater than the 10-mg N L −1 guideline even with a longer than normal renovation cycle, whereas high annual recharge of 1100 mm would result in NO 3 mass loading below the guideline even for short renovation cycles. Thus, increasing the amount of time between renovations has the potential to significantly decrease the overall NO 3 concentration in the ASA.
In particular, reducing manure application rates during renovation has the potential to reduce groundwater NO 3 leaching. Although manure application is not a recommended practice per se, the raspberry production guide for this region acknowledges the practice and notes that while manure provides soil organic matter and nutrients, overapplication increases the risk of groundwater contamination (British Columbia Ministry of Agriculture, 2018). Compost amendments may be a good alternative to manure, with the additional benefit of suppressing root-lesion nematode populations in raspberry stands when used as a preplant amendment during renovation (Forge et al., 2016) , which may reduce the need for renovation or fumigation during renovation.
With multiple years included in this study, it was possible to consider if this groundwater monitoring approach measured NO 3 loading within the same year that it was leached. The concentrations and NO 3 flux crossing DW DN decreased greatly by the end of each hydrologic year (i.e., by the end of September) before the arrival of NO 3 in the subsequent hydrologic year. The low NO 3 flux rates prior to the arrival of autumn NO 3 indicated that the majority of NO 3 flux measured in a single year was the same NO 3 that was loaded to the water table in that year. The ability to measure NO 3 during the year in which it was leached allows for the assessment of management practices that were used in that year. This was possible in the ASA due to the combination of the ASA's shallow water table, short transport time from the up-gradient edge of the field, and high recharge but may not be possible in other hydrogeologic settings.
Given that only one down-gradient monitoring well was used in this study, the spatial heterogeneity of leaching from the root zone and the heterogeneity of aquifer, which could result in significant spatial variability in groundwater NO 3 concentrations and fluxes, could not be addressed and the error associated with these is unknown. This study, nevertheless, demonstrates considerable seasonal and interannual variations in NO 3 loading in the study field, which is the focus of this study. Future studies that may adopt this approach should include additional monitoring wells to better assess the degree of uncertainty.
Conclusions
The annual NO 3 loading under an individual commercial raspberry field was effectively quantified over 6 yr including stand renovation using high-resolution passive diffusion sampling. The average annual NO 3 loading in the three renovation years ranged from 84 to 246 kg N ha −1 , in comparison with the average of 72 kg N ha −1 during nonrenovation years. In particular, the high NO 3 loading (246 kg N ha −1 ) in Year 2 was attributed primarily to the manure applied during renovation. Based on the NO 3 loading measured using the well information down-gradient of this field, and the customary range of 6 to 10 yr between renovations, renovation practices could be expected to contribute between one-third and one-quarter of the NO 3 loading from this field. Reducing or eliminating the use of manure during renovation and the use of composted manure, and increasing the length of time between renovations, can potentially reduce the long-term impact of renovation management on groundwater NO 3 concentrations. Practices that maintain and improve overall stand health and vigor longer (and thus increase the period between renovations) have the potential to reduce long-term average groundwater NO 3 concentrations. The ability to quantify NO 3 loading under individual fields is key to evaluating field-scale practices and to understanding groundwater loading on larger scales. The results of this study would be much improved, with more reliable estimates of N loading, if multiple diffusion wells had been installed down-gradient of the field.
